The ageing of non-Ohmic features of ZnO and SnO 2 -based polycrystalline semiconductors under fixed dc bias voltage at different temperatures (or thermal steady states) was comparatively investigated in this work. The ageing under these conditions was evaluated by monitoring the leakage current as a function of time (I l versus t) and by the calculation of the potential barrier height before and after degradation or ageing cycle, for two specific compositions. The results showed that the non-Ohmic features of the ZnO-based compositions studied here were irreversibly aged when the system reaches temperatures around 90
Introduction
Metal oxide semiconductor (MOS) polycrystalline systems possessing non-Ohmic features are known as voltage dependent resistors (VDR) or varistors [1] . These systems have been extensively studied for applications in surge arrester devices. The VDR system based on ZnO is most used commercially [1] . The SnO 2 -based system is believed to be a good and promising VDR system for future applications, especially due to microstructural homogeneity and improved thermal conductivity [2] . One very important feature that must still be evaluated in the SnO 2 -based VDR system is related to the long term electrical stability of this device. The long term electrical stability for the ZnO-based VDR system was studied in the past and several mechanisms are proposed to explain the observed behaviour [3, 4] . For instance, electron trapping [5] , ion migration [6] and oxygen desorption [7] have been proposed as important features that control the ageing of the non-Ohmic properties under dc voltage (or continuous voltage load) and thermal steady-state conditions. However, among the different models and phenomenological explanations for the ageing of the non-Ohmic properties in the MOS presenting VDR features, the potential barrier degradation model of Gupta and Carlson is the most acceptable [6] . This model is based on the diffusion of interstitial zinc atoms from the bulk to the grain boundary, i.e. the interstitial zinc defects in the depletion layer diffuse to the grain boundary causing a decrease in the barrier height in a way that is capable of affecting deleteriously the non-Ohmic properties of the device [6] . Therefore, the main purpose of this work is to study the long term stability of the SnO 2 -based VDR system (a simple composition) in comparison with that of the traditional ZnO-based VDR system (traditional composition).
Experimental procedure
The ZnO-and SnO 2 -based VDR systems studied here were prepared by the solid-state reaction and conventional ball milling process. The ZnO VDR composition studied, in mol per cent, was 95.4%ZnO + 1.5%Sb 2 O 3 + 1%NiO + 0.1%SiO 2 + 0.5% (Bi 2 O 3 , SnO 2 , Co 2 O 3 , MnO), i.e. the modified compositions proposed by Matsuoka [8] . The composition, in mol per cent, for the SnO 2 -based VDR system was 98.9%SnO 2 + 1%CoO + 0.05%Nb 2 O 5 + 0.05%Cr 2 O 3 , i.e. that proposed by Pianaro et al [9] . The mixture for preparing the systems was sieved by means of a 200 mesh screen (74 µm) and isostatically pressed at 200 MPa into samples of 12 mm diameter and 1 mm thickness as described in previous works [2, 3, [9] [10] [11] . The studied samples were not heat treated after the sintering process, as suggested by Gupta and Carbon [6] . The main purpose of this heat treatment is to increase the stability and resistivity to degradation. In the degradation study performed here such an approach was not used. Our purpose is to directly compare SnO 2 -and ZnO-based systems as fabricated. The effective study of long time non-Ohmic properties stability against the dc voltage bias (equivalently to a voltage corresponding to an electric field obtained at a current of 0.05 mA cm −2 ) was performed for both systems using normalized procedures. Indeed, degradation occurs due to continuous leakage current that crosses the polycrystalline sample during the test. The degradation is accelerated by increasing the temperature (thermal steady-state conditions) under this continuous voltage level. The temperatures used in this study were 25, 50, 75, 90, 100 and 110
• C for the ZnO-based VDR system. In the case of the SnO 2 -based system two additional temperatures over the traditional one indicated previously are necessary, i.e. 150 and 200
• C. The level of degradation was monitored for 24 h by measuring the leakage current during the fixed voltage stress level at different temperatures. For each system, the ageing stress was performed on three different samples to assure reproducibility. The leakage current was measured at intervals of 3 s (using a voltage source-measure unit Keithley 237). Before and after the whole ageing cycle the current-voltage (J -E) characteristic curves were measured and studied comparatively for ZnO-and SnO 2 -based VDR systems (by using a voltage source-measure unit Keithley 237). Similarly, impedance and dielectric spectroscopy analyses were performed before and after the cycle tests. The impedance/dielectric spectroscopy study was performed by using a HP 4294 A frequency response analyzer at frequencies ranging from 40 Hz up to 110 MHz under an ac amplitude perturbation voltage of 0.5 V. The impedance/dielectric spectroscopy analysis was also conducted at different bias voltages superposed onto the alternating potential perturbation (from 0 to 38 V) to calculate the barrier height (φ b ) according to the methodology proposed in [10, 12] . Figure 1 shows the J -E features of SnO 2 and ZnO as a function of the dc bias voltage at different temperatures. From this figure, it can be observed that the non-Ohmic feature of the SnO 2 -based VDR is slighted affected by the accelerating ageing stress compared with the ZnO system. Another important conclusion to be stressed concerns the reversibility of non-Ohmic features after the ageing test. In the case of the SnO 2 -based VDR, it is possible to observe a complete reversibility of the J -E features after the end of the ageing test, indicating that SnO 2 does not degrade under the same conditions commonly imposed for the ZnO traditional system. Furthermore, the stress temperature used in the SnO 2 • C, i.e. region 2 of (a). Region 1 in this figure indicates temperatures lower than 90
Results and discussion
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ageing test was higher than that used for the ZnO system. For ZnO it was confirmed, as already known, that thermal runaway occurs at temperatures around 110
• C and, therefore, any kind of thermal ageing stress above 90
• C causes an irreversible degradation of the non-Ohmic properties, limiting the use of the devices to temperatures below 75
• C. The switch voltage (E b ) and leakage current (I l ) shown in table 1 are in agreement with the global J -E features as expected. From table 1 it is also important to note that SnO 2 does not present any changes in the non-linear coefficient (α value) or barrier height even when submitted to the ageing test at temperatures higher than 200
• C (after the test the parameters of the barrier and non-Ohmic features are totally recovered). In other words, for SnO 2 the changes were minimal after ageing while for ZnO the changes were very significant (for instance, the I l reaches values at least 80% higher than the initial values). The increase in the I l value is critical because it can cause thermal-mechanical cracking and puncture failure [11, 13, 14] . The irreversibility with regard to the ZnO VDR behaviour at Table 1 . Non-Ohmic features and barrier height calculated from the methodology of [10] for ZnO-based and SnO 2 -based VDR systems after and before ageing process. temperatures higher than 90
• C is believed to be associated with diffusion of interstitial zinc entities from the depletion layer to the grain boundary. The diffusion is believed to be activated by a combination of thermal and electrical potential energy (electromigration effect). Figure 2 shows the evolution of current as a function of time at different temperatures for SnO 2 and ZnO. In the case of the ZnO system, as already known, the current increases linearly as a function of time, following the empirical behaviour described by I l = I l0 + k √ t, in which I l0 is the initial leakage current and k is the rate constant of the process. It is very interesting to observe that the empirical equation that describes the I versus t for the ZnO-based VDR system does not apply to the SnO 2 VDR system which means that the degradation behaviour (which was not observed with the methodology commonly applied) must be different. For the SnO 2 VDR system a drastic increase in the current at the beginning (process one) followed by stabilization (current plateau, i.e. process two is observed). This means that the ionic diffusion contribution is minimal for degradation in the SnO 2 VDR system, mainly at lower temperatures. Process 1 is associated with an energetic charging of the sample. The sample is suddenly submitted to a potential difference when the experiment starts activating a conduction mechanism which is predominantly electronic. A second mechanism is activated after which it is still predominantly electronic. However, when the temperature is raised, the slope of the linear process increases, indicating the activation of an additional ionic conductivity process. It is important to note that this ionic process is not strong enough to cause the sample's degradation due to diffusion of species from the bulk to the grain boundary and vice-versa. In the case of the ZnO-based VDR the most accepted proposed mechanism for degradation is based on the diffusion of positive species or defects from the depletion layer to the grain boundary where the negative charges are located. The suggested species that diffuse are oxygen vacancies and interstitial zinc (V . This picture of the degradation process is capable of explaining the irreversible degradation of ZnO potential barriers and, consequently, the non-Ohmic degradation of the system. The degradation is accelerated above 90
• C at which the diffusion mechanism of the key species is probably activated. On the other hand, for the SnO 2 -based VDR thermal runaway occurs at temperatures around 200
• C. This behaviour which leads to a higher runaway temperature is in agreement with the fact that the SnO 2 -based VDR system has about twice higher thermal conductivity compared with ZnO [9] . The higher thermal conductivity better dissipates the thermal energy and the local temperature is lower, which minimizes the internal Joule effect, i.e. local heating.
All this information and above discussions lead to the picture that apparently the ionic diffusion process has a higher activation energy in the SnO 2 crystalline net than in ZnO. The high compact tetragonal structure of SnO 2 compared with that of ZnO must favour what was also observed comparatively from the ageing stress behaviour, i.e. the high performance of SnO 2 .
Conclusion
In conclusion, it is possible to affirm that the degradation mechanism of the SnO 2 -based VDR system is very different from that of classical ZnO. Although the conclusions herein cannot be generalized due to the fact that heat treatment and specific doping can cause long term stability in ZnObased systems, it is possible to infer by the comparisons of degradation of the two simple compositions that the SnO 2 -based system when optimized will be a very good system concerning long term stability. As suggested here, the degradation of the barrier in the SnO 2 -based system is not dictated by diffusion of interstitial positive defect species to the grain boundary where the barrier is formed. Furthermore, the SnO 2 -based VDR system has the thermal runaway process activated at a much higher temperature. All the results are very important since they indicate that the SnO 2 -based system has very interesting properties compared with ZnO for applications that require higher temperature. Notably, changes were not observed in the barrier height, nonlinearity and current-voltage features after cycling of the ageing stress process for the SnO 2 -based VDR system. The same ageing stress process used in ZnO causes changes that are predicted by the previous degradation model [6] .
